NO x lifetime relates nonlinearly to its own concentration; therefore, by observing how NO x lifetime changes with changes in its concentration, inferences can be made about the dominant chemistry occurring in an urban plume. We used satellite observations of NO 2 from a new high-resolution product to show that NO x lifetime in approximately 30 North American cities has changed between 2005 and 2014 in a manner consistent with our understanding of NO x chemistry.
N itrogen oxides (NO x ≡ NO + NO 2 ) play a critical role in air quality, affecting human and plant health both directly (1, 2) and indirectly through the formation of surface-level ozone (3) and particulate matter (4) (5) (6) as well as by influencing the radiative balance of the atmosphere (7) . Combustion in vehicle engines or industrial processes is the main cause of anthropogenic NO x emissions; consequently, most developed nations have taken steps to reduce anthropogenic emissions through new regulations and technology.
However, NO x lifetime is nonlinearly dependent on NO x concentration (8, 9) ; therefore, changes in atmospheric concentrations of NO x because of emissions reductions will depend not only on the magnitude of the reduction but also on the chemical regime active within a given air mass. Theoretical calculations of NO x lifetime versus concentration are shown for three different volatile organic compound reactivities (VOC R ) in Fig. 1 . In the "NO x -limited" regime ( Fig. 1, region II) , NO x lifetime decreases with increasing concentration of NO x , whereas in the "NO x -suppressed" regime ( Fig. 1 , region III), the opposite relationship is observed.
Satellite observations of NO 2 have been used to directly infer a plume-average NO x lifetime in urban and power plant plumes by calculating the e-folding distance for an NO 2 plume downwind of a source and converting this distance to a lifetime with the average plume wind speed (8, 10, 11) . This approach has been used previously to show that the OH concentration in an urban plume varies with wind speed (8) and to examine spatial patterns in NO x lifetime across the United States (11) .
We used version 3.0B of the Berkeley High Resolution (BEHR) NO 2 product (12, 13) to directly observe NO x lifetime in~30 North American cities. The BEHR product, with highresolution daily NO 2 a priori profiles, was necessary to this study because previous work (14) has shown that daily, high-resolution profiles are necessary to simultaneously retrieve NO 2 vertical column densities (VCDs) and lifetimes to accuracies of 30% or better. We show that there are observable changes in North American urban NO x lifetime and that these changes suggest a transition from the NO x -suppressed to NO x -limited regime. We examined the implications for ozone production and the relationship between trends in NO x emissions and NO 2 VCDs.
To calculate the effective lifetime in each city's NO x plume, we computed line densities along the downwind direction averaged over April through September in 3-year periods. Throughout this work, we refer to these periods by the middle year; for example, "2006" represents results from April to September in 2005, 2006, and 2007. We focused on weekday (defined as Tuesday through Friday) lifetimes because the greater weekday NO x emissions owing to heavy truck traffic (15, 16) mean weekday lifetime will have a greater effect on NO x concentration and therefore air quality. Details of this method, including quality filtering, are provided in the supplementary materials (17) . This method has been used successfully in numerous prior studies (8, 10, 11, 18, 19) .
Of the 49 cities initially chosen, 12 had no valid fits during the study period. Three of the remaining 37 had no statistically significant change in NO x weekday lifetime over the 2005-2014 time period studied (Houston, Texas; Salt Lake City, Utah; and Seattle, Washington). The remaining 34 cities were categorized by the shape of their lifetime trend over time: increasing, decreasing, concave up (CCU), or concave down (CCD). Of these 34, three cities (Chicago, Illinois; Detroit, Michigan; and Richmond, Virginia) had significant changes in lifetime but did not fit cleanly into these categories, and three were not included because they had only two good quality fits (Columbus, Ohio, increasing; Jacksonville, Florida, decreasing; and Tucson, Arizona, increasing).
Line densities and fits from specific 3-year periods that describe the shape of the trend are shown for one city from each group in Fig. 2 . There are clear changes in the rate of decay of the line densities downwind of the city. The trends of all cities in these four groups are shown in Fig. 3 . The lifetimes shown are normalized to each city's mean lifetime. In addition to the median normalized lifetime for each group (Fig. 3 , black line), normalized lifetimes in key years for individual cities are shown in Fig. 3 as the diamonds. The individual years are such that each point for a given city is statistically different from the ones preceding and following it. Unnormalized lifetimes are presented in fig. S1 .
Although the uncertainties of the absolute lifetimes are quite large (~30%), much of the error is likely correlated in between years (supplementary text), leading to smaller relative uncertainty in the trends. However, the fraction of the error that is correlated is not well characterized. To be conservative, we retained the absolute uncertainty when considering the trends. The trends shown in Fig. 3 are statistically significant as determined with pairwise t tests, using the~30% absolute error. Additionally, for approximately two-thirds of cities included, the difference in downwind decay was sufficiently large to identify visually in the line densities (figs. S7 to S11).
In theory, total NO x lifetime is controlled by two processes: loss to nitric acid and loss to alkyl nitrates. These processes are in competition, with nitric acid dominating at high NO x concentrations and alkyl nitrates dominating at low NO x concentrations. The exact crossover point depends on the VOC R , HO x production [P(HO x )], and alkyl nitrate branching ratio (a).
A theoretical calculation of the dependence of NO x lifetime on NO x concentration and VOC R for fixed P(HO x ) and a is shown in Fig. 1 . The theoretical behavior can be divided into three regions, identified in Fig. 1 by the background shading and Roman numerals. Region III, traditionally termed the "NO x suppressed" or "VOC limited" regime, is characterized by decreasing NO x lifetime with decreasing NO x concentration. Loss of NO x to nitric acid is the primary loss route in this regime. Region II, part of the "NO x limited" regime, is characterized by increasing NO x lifetime with decreasing NO x concentration. Region I, also part of the NO x limited regime at very low NO x concentrations, once again has decreasing NO x lifetime with decreasing NO x concentration.
The turning points that define the regions occur because of shifts in the dominant chemical loss pathways. The minimum between regions II and III is the point at which the sum of losses to alkyl nitrates and nitric acid is at its maximum. Below this, loss to nitric acid slows. The maximum between regions I and II occurs because the model predicts an increase in RO 2 radicals below that NO x concentration, causing the loss of NO x to alkyl nitrates to accelerate.
If we assume that the changes in lifetime are driven entirely by changes in NO x concentration, then it is straightforward to identify where on the lifetime curves in Fig. 1 each of the groups shown in Fig. 3 lie. Cities that exhibit a minimum or maximum in NO x lifetime ( Fig. 3 , C and D, respectively) are straightforward to locate on Fig. 1 . The CCU shape of the lifetime trends for cities in Fig. 3C can be explained if these cities started in region III and crossed into region II after going through their minimum lifetime. Likewise, the CCD lifetime trends of cities in Fig. 3D can be explained if these cities began in region II and transitioned into region I. Cities with consistently increasing lifetimes (Fig. 3B ) must lie entirely in region II because that is the only region with @t=@½NO x < 0. Cities with decreasing lifetime with time could fall in either region I or III; however, they must fall entirely in one region or another because they never show a significant positive slope of lifetime. The NO 2 columns for this group are consistently less than those of the CCU group ( Fig. 4 ), suggesting that the decreasing lifetime group is further left in Fig. 1 than the CCU group. Because the CCU group has entered region II by~2010, this suggests that the decreasing group must be in region I. This simple interpretation, which assumes the dominant factor in changing lifetime is changing NO x concentrations, is complicated by the fact that after 2010, there is no longer a monotonic decrease in NO 2 columns ( Fig. 4 ) (20) . This suggests that either the changes in NO x concentrations controlling lifetime are not represented in the average columns presented in Fig. 4 or that factors other than NO x concentration control lifetime after 2010. As we will show, changing lifetime affects the proportionality between emissions and NO 2 columns; because the columns in Fig. 4 represent an average over circles with 50-to 100-km radii, an increase in the NO x remaining downwind of the emission source owing to increasing lifetime could balance the decrease nearer the source, causing a net zero change in the average. If we consider other factors that might control lifetime, after 2010 when all cities are expected to be in regions I or II, our steady-state model predicts that a change of 1 to 2 s −1 in VOC R would lead to ã 50% change in lifetime ( fig. S6A ).
Qualitatively, these trends in lifetime suggest that all North American cities have entered a NO x -limited chemical regime by 2013 ( Fig. 1 , regions I and II). This is a plume-average chemical regime; there may be variations in the instantaneous chemical regime throughout the plume. Nevertheless, this has implications for future plans to control ozone production. The NO x -limited regime is so named because NO x is the limiting reagent in ozone production (21) . Therefore, we predict that future controls on NO x emissions, rather than VOC emissions, will be more effective in limiting plume-average ozone production for North American cities.
Our observations of changing NO x lifetimes in North America also have implications for emissions constraints. One study (20) identified a discrepancy between the U.S. bottom-up NO x emission inventory and trends in NO 2 VCDs over the United States. They found that after circa 2010, NO 2 VCDs stopped decreasing, whereas the bottom-up inventory shows a steady decrease in NO x emissions. However, this assumes that the proportionality between emissions and NO 2 columns is fixed over the study period. Under steady-state conditions, the column density expected is related to the product of lifetime and emissions by Decr.
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where E is the emissions, k is the loss rate constant, t is the lifetime, and [NO x ] is the NO x concentration. Above, we have shown that this is not true because variations in lifetime throughout the study period are of similar magnitude to that of the change in emissions being constrained (~30 to 50%). Crucially, we observed changes in lifetime after 2010, even though the precise cause of those changes is uncertain.
To demonstrate the effect of changing lifetime, we used 12 cities that have at most one rejected weekday lifetime fit. This allowed us to have a nearly continuous record of their lifetime. We computed the mass of NO x expected over each city as the product of the city's lifetime (Fig. 5B ) and the NO x emissions from the U.S. Environmental Protection Agency's Motor Vehicle Emission Simulator (MOVES) (Fig. 5A ) for the county that contains the geographic center of the city. The result is shown in Fig. 5C . Nearly all of the top emitters show a flattening in predicted NO x trends after 2010, with Chicago as the most notable exception.
In Fig. 5D , we compare the predicted columns from Fig. 5C with observed BEHR NO 2 columns. Accounting for the lifetime effect on the predicted columns better captures the rapid pre-2010 decrease in NO 2 columns seen by BEHR and improves, though does not fully capture, the immediate post-2010 flattening in the column trends. By 2012-2013, discrepancies between the observed and predicted columns become more substantial; this suggests that at this point, other factors-such as the increasing contribution of background NO 2 to urban plumes ( fig. S3 ) (22)-play a dominant role in explaining the discrepancy between top-down and bottom-up emissions estimates. However, the better agreement between the predicted and observed column trends than the MOVES emissions and observed column trends demonstrates that changing NO x lifetime cannot be ignored in top-down emissions estimates.
We saw significant changes in NO x lifetime in North American cities that are of the same order as changes in NO x emissions over the same time periods. The pattern of these changes suggests that NO x -limited chemistry dominates North American urban plumes and also demonstrates that the change in NO x lifetime must be accounted for when relating NO x emissions and concentrations. Fully understanding the factors driving NO x lifetime after 2010 will require new techniques. Given the importance of changing NO x lifetime shown here, we hope that this work will spur other groups to pursue independent corroboration of these changes in lifetime through various methods, including high-resolution modeling efforts, metaanalyses of aircraft and ground-based data, and new, higher-resolution satellite products. The higher spatial resolution of TROPOMI (Tropospheric Monitoring Instrument) and upcoming geostationary satellites will provide more information on whether NO x concentrations near sources are continuing to decrease and therefore driving NO x lifetime changes, even though the average NO 2 columns are unchanging after 2010. High-resolution HCHO retrievals will improve our ability to track urban VOC chemistry from space and therefore infer changes in VOC R relative to changes in NO x .
This work also suggests that space-based observations of NO x lifetime could provide valuable information about how the oxidative capacity of the atmosphere in North American cities changes over time. Previous work (8) used NO x lifetime measured from space to infer plume-average OH concentrations; however, that work focused on the megacity Riyadh, where loss of NO x to nitric acid is the only meaningful loss pathway. By contrast, our work suggests that U.S. cities do have important alkyl nitrate chemistry. New methods will need to be developed to correctly account for the partitioning of loss NO x between alkyl nitrates and nitric acid in order to take full advantage of this capability.
